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The carbon ﬁber-reinforced polymer (CFRP) is widely used in
strengthening of RC structures. Some of these structures are
required to have an opening through the RC beams as a duct
for electrical, plumping, and other functions. The presence of
these openings causes a reduction in the beam stiffness as com-
pared with beams without openings. The present paper in-
cludes study the effect of using CFRP fabrics on deﬂection,
beam cracking, concrete and steel strains at the ultimate load,
respectively.
Several studies, such as Ibrahim and Mahmoud [1],
Anthony andWolanski [2], Chansawat et al. [3] and Santhakumar
et al. [4], are concentrated on strengthening of RC beams using
FRP laminates, while others, such as Deniaud and Roger [5]
and Alex et al. [6], have been focused of strengthened RC
beams in shear zones. Other studies, such as Abdel-Fattah
[7], Mohamed [8] and Amiri et al. [9], have been concentrated
on the behavior of the strengthened RC beams with openings
using ﬁnite element method and computer package; ANSYS.
Strengthening of RC bridges has been discussed by Higgins
et al. [10]. The effect of using the prefabricated RC Plates in
the strengthening of the RC Beams has been studied by
Buyukkaragoz [11]. Also, the use of the energy variation meth-
od in the analysis of the FRP strengthened RC Beams has beenFigure 1 Geometry and cross sections of tested beam.studied by Gorji [12]. Other studies such as Abbas [13] are con-
centrated on modeling of strengthened RC Beams using CFRP
plates, proposed an analytical model using ANSYS 9 ﬁnite ele-
ment program to enhance the failure output results using
25 · 25 · 25 mm concrete element and discrete and smeared
top and bottom steel distribution. For strengthened beams,
CFRP has been modeled using Solid46 element. The obtained
deﬂection results of the proposed models are compared with
other experimental and analytical model produced by Moham-
ed [8], using the same cross sections and opening dimensions.
ANSYS 5 ﬁnite element program with 100 · 42.5 · 42.5 mm
concrete elements, smeared top and bottom steel distribution
and Link10 element for the representation of the CFRP is
used. A parametric study has been done for obtaining the con-
crete and steel strains and the cracking patterns for checking
the efﬁciency of the proposed model comparing with the exper-
imental one. These results show the success of the proposed
model for analyzing the unstrengthened and strengthened
RC beams with openings.
2. Proposed method of analysis
The beam under study has length of 2300 mm; its cross section
has 250 mmheight and 100 mmwidth. The bottom longitudinal
reinforcement consists of four bars of nominal diameter; 10 mm,
top longitudinal reinforcement is two bars of nominal diameter;
10 mm. stirrups had nominal diameter; 8 mm, arranged uni-
formly along the beam length with internal spacing 150 mm;Figure 2 Arrangement of steel reinforcement of beam element.
Table 3 CFRP material properties for proposed Model.
Property Units Value
Nominal thickness mm 0.13
Maximum tensile strength kN/m2 3.5 · 106
Elastic modulus of elasticity Ex kN/m
2 2.3 · 108
Ey kN/m
2 1.79 · 107
Ez kN/m
2 1.79 · 107
Major Poisson’s ratio mxy – 0.22
mxz – 0.22
myz – 0.30
Shear modulus Gxy kN/m
2 1.179 · 107
Gxz kN/m
2 1.179 · 107
Gyz kN/m
2 6.88 · 106
Maximum elongation at break – 1.5%
CFRP density kN/m3 17.3
Strengthening of concrete beams having shear zone openings using orthotropic CFRP modeling 179the beam model has several opening dimensions (100 · 100,
200 · 100, 300 · 100 and 300 · 150). For strengthened beams
with opening 300 · 150, there are two conﬁgurations F1 and
F2. The beam details are shown in Figs. 1–3 respectively. The
concrete and steel material properties are illustrated in Tables
1 and 2, respectively, while the orthotropic material properties
for CFRP laminates are indicted in Table 3.
For ANSYS 9 modeling, Solid65 element with dimensions
25 · 25 · 25 mm is used for concrete elements; see Fig. 4. This
element can be used for the three-dimensional modeling of sol-
ids with or without reinforcement bars. Eight nodes deﬁne the
element, each having three translation degrees of freedom.
Reinforcement can be deﬁned in three different directions.
The solid part of the element, e.g. the concrete, is capable of
describing cracking, plastic deformations and crushing. The
plasticity model for concrete is based on the ﬂow theory of
plasticity, Von Mices’ yield criterion, isotropic hardening and
associated ﬂow rule. Cracking is permitted in three orthogonal
directions at each integration points. The cracking is modeled
through an adjustment of the material properties (i.e., by
changing the element stiffness matrixes). The concrete material
is assumed to be initially isotropic. If the concrete at an inte-
gration point fails in uniaxial, biaxial, or triaxial compression,
the concrete is assumed crushed at that point. Crushing is de-
ﬁned as the complete deterioration of the structural integrity ofFigure 3 Arrangement of CFRP type F1 and F2.
Table 1 Concrete material properties for the proposed model.
Property Units Value
Concrete compressive strength kN/m2 3.8 · 104
Concrete modulus of elasticity kN/m2 3 · 107
Concrete Poisson’s ratio – 0.15
Maximum compressive strain – 0.0031
Table 2 Steel material properties for the proposed model.
Property Units Value
Yield stress for steel rebars (high grade steel) kN/m2 3.6 · 105
Yield stress for stirrups (mild steel) kN/m2 2.4 · 105
Ultimate stress for steel rebars (high grade steel) kN/m2 5.2 · 105
Ultimate stress for stirrups (mild steel) kN/m2 3.5 · 105
Steel modulus of elasticity kN/m2 2.1 · 108
Steel density kN/m3 78.5
Steel poisson ratio – 0.30the concrete (e.g. concrete spalling). The shear transfer coefﬁ-
cient bt, represent conditions of the crack face. The value of bt
ranges from 0.0 to 1.0, with 0.0 representing a smooth crack
(complete loss of shear transfer), and 1.0 representing a rough
crack (no loss of shear transfer) as indicated by ANSYS [14].Figure 4 Solid46–3D layered structural solids element.
Figure 5 Discrete model for reinforcment in RC.
Figure 6 Smeared model for reinforcement in RC.
(a) Solid46-3D layered  
structural solids element.
(b) Schematic of FRP composites  
Figure 7 Solid65–3D solids modeling.
Figure 8 Proposed discrete model for beams with opening size
200 · 100 mm.
180 A.M. MahmoudThe shear transfer coefﬁcient bt used in this study is 0.3. The
shear transfer coefﬁcient for the closed crack was taken 0.5.
The longitudinal steel reinforcement and stirrups were
modeled using discrete and smeared techniques. For discrete
technique, Link8 element is used to connect the steel bars to
concrete mesh nodes. Therefore, the concrete and the rein-
forcement mesh shares the same nodes and the concrete occu-
pies the same regions occupied by the reinforcement mesh; as
shown in Fig. 5. For smeared technique, the steel bars and
stirrups are uniformly spread throughout the concrete element
as shown in Fig. 6. Solid46 element has been used to model
layered thick shells or solids having orthotropic material prop-
erties such as CFRP. The geometry and node locations for this
element type and the schematic of the FRP composites are
shown in Fig. 7a and b. This element allows for up to 100
different material layers with different orientations and ortho-
tropic material properties in each layer. It has three degrees of
freedom at each node and translations in the nodal x, y, and z
directions. To simulate the perfect bonding of the CFRP sheets
with concrete, the nodes of Solid46 elements were connected to
the nodes of Solid65 elements at the interface so that the two
materials shard the same nodes. Finally, the beam modeling
with CFRP is shown in Fig. 8. All the material properties used
in simulating the elements Solid65, Solid46 and Link8 by
ANSYS 9 are illustrated in Table 4.3. Comparison between available experimental works and
theoretical analysis
The deﬂections of the beam, the strains in concrete and steel
surfaces were measured using dial, mechanical, and electrical
strain gauges, respectively through different locations; 3 points
along the beam span for deﬂection, 13 points for concrete
strains ﬁxed around openings and vertical mid section, while
4 points for steel strains in four different locations at bottom
mid span and around the openings as shown in Fig. 9a and
b. The values of the mid-span deﬂections for unstrengthened
and strengthened beams are measured as shown in Figs. 10–
13 for unstrengthened models, and in Figs. 14–18 for strength-
ened models. Three cases under study are taken into account:
(1) Author’s model (discrete and smeared steel distribution),
(2) experimental model, and (3) Mohamed’s [8] model
(smeared steel distribution only) as shown below.
The above ﬁgures show a good agreement for the deﬂection
values between the experimental and proposed model, spe-
cially for the discrete steel distribution model, which is much
better than the Mohamed’s [8] model. This is due to:
1. The use of 25 · 25 · 25 mm concrete element instead of
100 · 42.5 · 42.5 element.
2. The use of steel discrete distribution instead of smeared
one.
3. The use of CFRP-Solid46 element which has orthotropic
properties in three directions instead of Link10 element
which has isotropic properties in its axis direction only.4. Parametric study
4.1. Cracking patterns for strengthening and unstrengthening
models
The cracking patterns for the unstrenthening and strengthen-
ing proposed models were observed at failure loads and were
compared for several opening sizes, cases of discrete and
smeared steel distribution, respectively. As an example, the
cracking patterns of opening size 200 · 100 with different load
Table 4 Material properties for elements Solid65, Solid46 and
Link8 used in ANSYS 9 modeling.
Material
model
number
Element
type
Material properties
1 Solid65 Linear isotropic
EX (kN/m2) 3.0e+007
PRXY 0.15
Multilinear isotropic
Strain Stress
(kN/m2)
Point 1 0.0004 12,000
Point 2 0.00095 25,000
Point 3 0.00127 30,000
Point 4 0.0015 33,000
Point 5 0.0017 35,000
Point 6 0.0020 37,000
Point 7 0.00233 38,000
Point 8 0.0025 37,500
Point 9 0.003 37,000
Concrete
ShrCf-Op 0.3
ShrCf-Cl 0.5
UnTensSt (kN/m2) 3800
UnCompSt (kN/m2) 38,000
BiCompSt 0
HydroPrs 0
BiCompSt 0
UnTensSt 0
TenCrFac 0.3
2 Solid46 Linear orthotropic
EX (kN/m2) 2.3e+008
EY (kN/m2) 1.79e+007
EZ (kN/m2) 1.79e+007
PRXY 0.22
PRYZ 0.30
PRXZ 0.22
GXY (kN/m2) 1.179e+007
GYZ (kN/m2) 6.88e+006
GXZ (kN/m2) 1.179e+007
Bilinear isotropic
Yield stress (kN/m2) 3.50e+006
Tangent modulus
(kN/m2)
1.0e+007
3, 4\
(\ for
stirrups)
Link 8 Linear isotropic
EX (kN/m2) 2.1e+008
PRXY 0.3
Bilinear isotropic (\ for stirrups)
Yield stress (kN/m2) 360,000
(240,000)\
Tangent modulus
(kN/m2)
1.0e+007
(a) Dial gauges and mechanical strain gauges.  
(b) Electrical strain gauges.  
Figure 9 Strain gauges positions for concrete and steel.
Figure 11 Load–deﬂection curves for unstrengthened beam with
opening 200 · 100 mm.
Figure 10 Load–deﬂection curves for unstrengthened beam with
opening 100 · 100 mm.
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each ﬁgure).
4.1.1. Results and discussions
From the above mentioned study, it was found that:
1. The unstrengthened beams with openings incorporated
shear failure at opening zone, while the strengthened
beams incorporated a ﬂexural failure at mid-span zone.2. The proposed discrete model is more preferable than
the smeared one, because of its ability for illustrating
the cracks propagation and consequently the points
of stress concentration at the bending and shear zones.
Figure 17 Load–deﬂection curves for strengthened beam with
opening 300 · 150 mm, model F1.
Figure 15 Load–deﬂection curves for strengthened beam with
opening 200 · 100 mm.
Figure 16 Load–deﬂection curves for strengthened beam with
opening 300 · 100 mm.
Figure 13 Load–deﬂection curves for unstrengthened beam with
opening 300 · 150 mm.
Figure 14 Load–deﬂection curves strengthened beam with
opening 100 · 100 mm.
Figure 12 Load–deﬂection curves for unstrengthened beam with
opening 300 · 100 mm.
182 A.M. Mahmoud3. The proposed CFRP strengthening model enhanced
the crack distribution at the opening zone of the tested
beams.
4.2. The concrete and steel strain values at failure loads
The following study was applied using the proposed model to
obtain the deﬂection values at different locations of openings
on unstrengthened and strengthened beam models and themaximum strains in concrete and steel reinforcement. The
study was done taken different opening sizes into account as
shown in Tables 5 and 6 respectively.
(a) Cracks and crushing pattern for  
load = 7.6 kN 
(c) Cracks and crushing pattern for  
load = 22.8 kN 
(e) Cracks and crush
load = 38.0
Load = 38.0 kN
Load = 22.8 kN
Load = 7.6 kN
Figure 19 Cracks and crushing pattern for unstrengthened beam w
different load values.
Figure 18 Load–deﬂection curves for strengthened beam with
opening 300 · 150 mm, model F2.
Strengthening of concrete beams having shear zone openings using orthotropic CFRP modeling 183From the results indicated in these tables, the following
observations can be obtained:
1. The proposed model results show good agreement with
the experimental results than Mohamed’s [8]
model results for strengthened and unstrengthened
beams.
2. For unstrengthened beams, the proposed model results
differ from that of Mohamed’s [8] by an amount of
20–100% when compared with the experimental
results, especially for small opening dimensions.
3. For strengthened beams, the proposed model results
differ from that of Mohamed’s [8] by an amount of
40–100% when compared with the experimental
results, especially for small opening dimensions.(b) Cracks and crushing pattern for  
load = 15.2 kN 
(d) Cracks and crushing pattern for  
load = 30.4 kN 
ing pattern for  
 kN 
Load = 30.4 kN
Load = 15.2 kN
ith opening 200 · 100 mm using the proposed discrete model at
Load = 8.30 kN
(a) Cracks and crushing pattern for 
load = 8.30 kN 
Load =16.6k N
(b) Cracks and crushing pattern for  
load = 16.6 kN 
Load = 24.9 kN
(c) Cracks and crushing pattern for  
load = 24.9 kN 
Load =33.2kN
(d) Cracks and crushing pattern for  
load = 33.2 kN 
Load =41.5kN
(e) Cracks and crushing pattern for  
load = 41.5 kN 
Figure 20 Cracks and crushing pattern for unstrengthened beam with opening 200 · 100 mm using the proposed smeared model at
different load values.
184 A.M. Mahmoud4. The use of ANSYS ﬁnite Solid46 element for represent-
ing CFRP is much better than Link10 element in
enhancing output results due to its orthotropic proper-
ties, which is suitable for solids and shells such as CFRP.
5. The two beams strengthened by the two different con-
ﬁgurations; F1 and F2, give almost the same ultimate
capacity.4.2.1. Results and discussions
The above tables show an agreement for the results between
the proposed models and experimental models proposed by
other researchers for the deﬂection and strains values for
concrete and steel respectively, which shows that proposed
models provide a success. The difference between the two
beams type F1 and F2 is illustrated in Fig. 3.
Load = 14.5 kN
(a) Cracks and crushing pattern for  
load = 14.5 kN 
Load =29.0kN
(b) Cracks and crushing pattern for  
 load = 29.0 kN 
Load = 43.5 kN
(c) Cracks and crushing pattern for   
load = 43.5 kN 
Load =5 8.0 kN
(d) Cracks and crushing pattern for   
load = 58.0 kN 
Load = 72.5kN
(e) Cracks and crushing pattern for
 load = 72.5 kN 
Figure 21 Cracks and crushing pattern for strengthened beam with opening 200 · 100 mm using the proposed discrete model at different
load values.
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(a) Cracks and crushing pattern for   
 load = 15.06 kN 
Load = 15.06 kN
(b) Cracks and crushing pattern for   
 load = 30.12 kN 
Load = 30.12kN
(c) Cracks and crushing patternfor    
Load = 45.18 kN
(d) Cracks and crushing pattern for   
 load = 60.24 kN 
Load =60.24kN
(e) Cracks and crushing pattern for load = 75.3 kN    
Load =75.3kN
load = 45.18 kN 
Figure 22 Cracks and crushing pattern for strengthened beam with opening 200 · 100 mm using the proposed smeared model at
different load values.
186 A.M. Mahmoud5. Veriﬁcation of proposed model deﬂections using ACI-440
Using ACI Committee 440 [15], an equation was proposed by
Benmokrane et al. [16] for evaluating the value of the short-
term deﬂection as follows:
Ie ¼ aIcr þ Igb  aIcr
 
Mcr
Ma
 3
Note ða ¼ 0:84; b ¼ 7Þ ð1ÞIn which Ig and Icr are the gross and linear cracked moment of
inertia,Mcr andMa are the cracking and applied moment, and
Ef and Es are the FRP and steel modulus of elasticity. The fac-
tor a reﬂects the reduced composite action between the con-
crete and FRP rebars, while the factor b has no physical
signiﬁcance. The factors a and b were evaluated as equal to
0.84 and 7, respectively. The values of all the terms used in
Eq. (1) for beam model with opening 200 · 100 mm, as an
example, are illustrated in Table 7. This equation was applied
Table 5 Summery of experimental and proposed discrete steel distribution models failure results for unstrengthened beam model.
Beam models Opening dimensions (mm) Ultimate load (kN) Deﬂection at ultimate load Maximum strains in concrete Maximum strains in steel reinforcement
At
solid
side (mm)
At
mid
span (mm)
At opening
side (mm)
Comp. strains
(·104)
Tens. strains
(·104)
At mid span
(·104)
At bottom
chord (·104)
At top
chord (·104)
At stirrup
(·104)
Experimental (100 · 100) 41.0 2.04 4.04 2.95 5.36 6.08 12.30 14.4 3.20 0.9
Proposed 41.5 1.36 3.66 1.50 5.16 9.36 12.15 6.77 2.21 1.00
Experimental (200 · 100) 43.0 1.70 4.08 2.43 4.57 6.39 9.20 7.50 2.20 2.10
Proposed 38.0 1.63 3.88 2.10 5.60 8.52 11.46 9.58 1.00 4.90
Experimental (300 · 100) 41.0 1.60 4.94 2.87 4.48 6.56 8.20 6.30 – 4.90
Proposed 34.0 1.83 3.95 2.45 7.68 6.69 8.86 9.87 0.70 5.84
Experimental (300 · 150) 22.0 2.35 6.49 5.44 2.24 2.48 7.80 4.30 0.40 5.20
Proposed 20.0 1.20 2.82 1.65 4.46 5.68 6.50 5.63 0.50 3.03
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Table 6 Summery of experimental and proposed discrete steel distribution models failure results for strengthened beam model.
Beam models Opening
dimensions (mm)
Ultimate
load (kN)
Deﬂection at ultimate load Maximum strains in concrete Maximum strains in steel reinforcement
At solid
side (mm)
At mid
span (mm)
At opening
span (mm)
Comp. strains
(·104)
Tens. strains (·104) At mid
span (·104)
At bottom
chord (·104)
At top chord
(·104)
At stirrup
(·104)
Experimental (100 · 100) 86.0 3.64 11.04 3.98 15.84 42.80 21.10 17.50 0.80 3.30
Proposed 85.5 3.74 11.40 4.35 16.14 68.03 17.86 13.70 0.46 5.38
Experimental (200 · 100) 73.0 3.91 11.35 5.43 12.08 24.16 15.70 – 1.30 –
Proposed 72.5 3.09 7.26 3.70 10.70 39.63 16.04 16.00 1.71 6.50
Experimental (300 · 100) 62.00 3.90 11.58 4.48 9.42 20.76 15.20 8.80 1.50 –
Proposed 62.52 3.55 7.47 4.55 10.39 31.24 16.69 13.99 1.76 9.95
Experimental (300 · 150) 35.00 3.71 9.30 8.18 4.16 8.18 14.40 8.90 1.80 –
Proposed (F1) 33.70 2.35 5.50 3.39 4.34 5.01 12.41 8.46 2.09 9.78
Experimental (300 · 150) 34.00 3.55 7.68 10.96 4.24 7.04 12.20 5.20 0.40 –
Proposed (F2) 33.40 2.55 6.15 3.93 4.31 13.78 12.28 9.06 0.58 9.06
1
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Table 8 Comparizon between ACI 440 and proposed strengthened discrete model for short term deﬂection values; D.
Beam type Opening dimensions(mm)
100 · 100 200 · 100 300 · 100 300 · 150 (F1)
Short term deﬂection; D (mm)
Proposed method, ANSYS-9 6.72 5.82 7.32 6.11
ACI 440 7.27 6.15 5.30 3.01
Diﬀerence % 8.20 5.70 28.0 50
Table 7 Terms used in calculating Ie for ACI 440 equation of the beam model with opening 200 · 100 mm.
Term Description Unit Value
Ma Section (1–1) Ultimate applied bending moment at section (1–1) kN m 18.125
Ig Gross moment of inertia m
4 1.302 · 104
Icr Cracked moment of inertia m
4 6.757 · 105
Mcr Cracked bending moment at section (1–1) kN m 4.50
Ie Eﬀective moment of inertia m
4 5.622 · 105
D Short term deﬂection at section (1–1) mm 6.15
Strengthening of concrete beams having shear zone openings using orthotropic CFRP modeling 189at section 3–3; see Fig. 8. The comparison between the deﬂec-
tion’s values was tabulated in Table 8.
It was remarked a good agreement between proposed meth-
od and ACI 440 for all openings, except for opening 300 · 150.
This indicates that the ACI 440 technique is not valid for mod-
els having large opening height values. So, some research must
be concentrated about this point.
6. Conclusions
The above study prove the success of the proposed ﬁnite element
models proposed by the author for unstrengthened and
strengthened RC beams with openings in enhancing the output
results at failure such as deﬂections and strains for concrete and
steel than other models [8]. For unstrengthened beams, the pro-
posed model results differ fromMohamed’s [8] model results by
an amount (20–100)%, comparing with the experimental one,
especially for small opening sizes, while this difference has been
become (40–100)% for strengthened beams. The use of Solid46
element for representing CFRP laminates is much better than
Link10 element in enhancing output results due to its orthotro-
pic properties. The use of the discrete steel distribution tech-
nique is much convenient for representing the steel bars than
the smeared one. The CFRP strengthening system enhanced
the crack distribution at the opening zone. The obtained load–
deﬂection curves improved signiﬁcantly due to the CFRP-
strengthening system. The two tested beams strengthened by
the two different conﬁgurations; F1 andF2, give almost the same
ultimate capacity. The ACI 440 technique is valid for evaluating
the short-term deﬂection for concrete beam models reinforced
with CFRP and having openings in shear zone, especially for
small opening heights, and is not suitable for the large one.
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